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We explore the mass splitting of the heavy-light mesons with chiral partner structure in nuclear
matter. In our calculation, we employed the heavy hadron chiral perturbation theory with chiral
partner structure and the nuclear matter is constructed by putting skyrmions from the standard
Skyrme model onto the face-centered cubic crystal and regarding the skyrmion matter as nuclear
matter. We find that, although the masses of the heavy-light mesons with chiral partner structure
are splitted in the matter-free space and skyrmion phase, they are degenerated in the half-skyrmion
phase in which the chiral symmetry is restored globally. This observation suggests that the magni-
tude of the mass splitting of the heavy-light mesons with chiral partner structure can be used as a
probe of the phase structure of the nuclear matter.
Although the nuclear matter properties are difficult to
access, it is a crucial and an interesting object to study
them in both particle and nuclear physics because they
are critically concerned with such issues as the equation
of state (EoS) relevant to the compact-star matter and
the chiral symmetry breaking/restoration in dense mat-
ter( see., e.g., Ref. [1] and references therein).
Among all the approaches to the nuclear matter,
skyrmion crystal is such one in which the nuclear mat-
ter properties are studied by putting skyrmions onto
the crystal structure and regarding the skyrmion mat-
ter as baryonic matter [2](see also Ref. [3] and references
therein). By changing the crystal size, the density effect
enters. For example, in the face-centered cubic (FCC)
crystal [4, 5] adopted in this paper, ρ = 4/(2L)3 with ρ
and L being the nuclear matter density and crystal size,
respectively. The advantage of the skyrmion crystal ap-
proach to nuclear matter is that both the nuclear matter
and medium modified hadron properties can be treated
in a unified way [6].
In the skyrmion crystal approach, when we reduce the
crystal size, or, equivalently, increase the nuclear matter
density, the nuclear matter undergoes a phase transition
from skyrmion phase to half-skyrmion phase in which
there is a skyrmion configuration with a half baryon num-
ber at each crystal vertex [7]. And people found that,
when the skyrmions are put onto the FCC crystal at low
density, in the half-skyrmion phase at high density, the
crystal vertices at which half-baryons are concentrated
form a cubic crystal [4, 5]. The order parameter which
charactorizes this phase transition is the space average
of the quark-antiquark condensate 〈q¯q〉 which vanishes in
the half-skyrmion phase. Note that although the space
average of the quark-antiquark condensate vanishes in
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the half-skyrmion phase, chiral symmetry is still locally
broken since the pion decay constant in the baryonic mat-
ter f∗pi which charactorizes the chiral symmetry breaking
does not vanish [8] and the quark-antiquark condensate
is locally non-zero [9]. At this moment, properties of
the half-skyrmion phase are not well-known except those
pointed above.
Since in Skyrme model, there exists a well-known spin-
isospin correlation, in Ref. [10], we proposed to study the
medium modified mass spectra of the ground states of
the heavy-light mesons to probe the structure of the spin-
isospin correlation in the nuclear matter constructed from
the FCC crystal skyrmion matter and chiral density wave
nuclear matter. It was shown that the spin-isospin corre-
lation generates a mixing among the heavy-light mesons
carrying different spins and isospins, and that the struc-
ture of the mixing reflects the pattern of the correlation,
i.e. the remaining symmetry. Furthermore, it was found
that the magnitude of the mass modification provides in-
formation of the strength of the correlation.
In this work, we focus on the the mass spectra of the
heavy-light mesons in the half-skyrmion phase. Since
the half-skyrmion phase is characterized by the vanish-
ing of the space average of the quark-antiquark conden-
sate, or “chiral condensate”, it is convenient to use the
heavy-light meson fields with the chiral partner struc-
ture. Here, we regard the charmed heavy-light mesons
with spin-parity quantum numbers JP = (0−, 1−) and
JP = (0+, 1+) as chiral partners to each other [11] which
should be degenerated when the chiral symmetry is re-
stored [12, 13]. In our calculation, we take the heavy
quark limit of the heavy-light mesons, so that, in the
rest frame of the nuclear matter, they are at rest. In
such a case, only the space averages of the relevant fields
affect to the mass spectra, which enables us to study the
global structure of the medium.
What we find in this paper is the following: By us-
ing the Lagrangian written up to the terms including
one derivative, due to the symmetry structure of the
FCC crystal and the arrangement of the nearest two
2skyrmions to yield the strongest attractive interaction,
the mass splitting between the chiral partners is propor-
tional to 〈φ0〉 ∝ 〈q¯q〉 so that they are degenerate in the
half-skyrmion phase. In this sense, the medium mod-
ified magnitude of the mass spitting of chiral partners
can be regarded as a probe of the phase structure of the
skyrmion matter.
We write the heavy-light meson doublets in the chiral
basis, which, at quark level, are schematically written as
HL,R ∼ Qq¯L,R. In the present work, we only couple the
heavy-light meson fields to the pion field U(x). Under
chiral transformation, the pion field U(x) and heavy-light
meson fields HL,R transform as
U → gLUg†R , HL,R → HL,Rg†L,R. (1)
Then, up to the one-derivative terms, the effective La-
grangian which preserves the heavy quark symmetry and
SU(2)L×SU(2)R chiral symmetry can be constructed as
L = tr [HL(iv · ∂)H¯L] + tr[HR(iv · ∂)H¯R]
+
1
2
∆M tr
[HLUH¯R +HRU †H¯L]
−i gA1
2
tr
[HRγ5γµ∂µU †H¯L −HLγ5γµ∂µUH¯R]
−i gA2
2
tr
[HLγ5/∂UU †H¯L −HRγ5/∂U †UH¯R] , (2)
where vµ is the velocity of heave-light mesons, and
gA1 , gA2 are real parameters.
The chiral fields HL,R relate to the heavy-light meson
doublets H and G with quantum numbers (0−, 1−) and
(0+, 1+), respectively, through
HR = 1√
2
[G+ iHγ5] , HL = 1√
2
[G− iHγ5] . (3)
In terms of the physical states, the H and G doublets are
expressed as
H =
1 + /v
2
[
iγ5D + /D
∗] , G = 1 + /v
2
[
D∗0 − i /D′1γ5
]
.(4)
Then, we can rewrite the effective Lagrangian (2) in
terms of H and G fields as
L = tr [G (iv · ∂) G¯−H (iv · ∂) H¯]
+
1
4
∆M tr
[
G
(
U + U †
)
G¯+H
(
U + U †
)
H¯ − iG (U − U †) γ5H¯ + iH (U − U †) γ5G¯]
− igA1
4
tr
[
Gγ5
(
/∂U † − /∂U) G¯−Hγ5 (/∂U † − /∂U) H¯ + iG (/∂U † + /∂U) H¯ − iH (/∂U † + /∂U) G¯]
− igA2
4
tr
[
Gγ5
(
/∂UU † − /∂U †U) G¯+Hγ5 (/∂UU † − /∂U †U) H¯]
− igA2
4
tr
[−iG (/∂UU † + /∂U †U) H¯ + iH (/∂UU † + /∂U †U) G¯] . (5)
From this Lagrangian, we see that, in the matter-free
space, the ∆M term accounts for the mass difference be-
tween G and H doublets whose masses in the vacuum are
estimated by the spin-averaged ones as
MG =
mD∗
0
+ 3mD1
4
, MH =
mD + 3mD∗
4
, (6)
which, by using the empirical values, lead to MG =
2.40 GeV, MH = 1.97 GeV. Then, ∆M can be fixed as
∆M = MG −MH = 430 MeV. (7)
Although using the present data we can fix the combi-
nation gA1 + gA2 through decay D
∗ → Dπ [14], we do
not want to specify its value here since it will be shown
later that neither gA1 term nor gA2 term modifies the
spectrum.
To explore the density dependence of the mass differ-
ence between G and H doublets, we use the skyrmion
crystal approach [8] by putting skyrmions onto the FCC
crystal and regarding the skyrmion matter as baryonic
matter. In such an approach, the matter affects on the
heavy-light meson in the medium through functions of
the space-averaged classical configurations of the light
meson fields. For example, for a quantity X , its matter
effect enters through
〈X〉 = 1
(2L)3
∫ 2L
0
d3xX , (8)
where 2L denotes the crystal size. In this work, we will
construct the skyrmion matter by using the standard
Skyrme model and, following Ref. [6], take fpi = 93 MeV
and e = 4.75 which are the empirical values to reproduce
the pion dynamics.
In our calculation, the medium modified G and H dou-
blet masses are defined by the poles of the medium mod-
ified two-point functions of G and H doublets at the rest
frame vµ = (1,~0) with zero residual momentum limit
for the external line. Equivalently, this means that one
just needs to replace the light meson fields in the La-
grangian (5) with the space-averaged ones. Since the
space-averaged light meson fields depend on the matter
density, the density dependence of the heavy-light me-
3son masses can thus be obtained. In terms of the space-
averaged quantities, the effective Lagrangian (5) which is
responsible for the medium modified heavy-light meson
masses can be written as
Leff = tr
[
G (iv · ∂) G¯−H (iv · ∂) H¯]+ 1
4
∆M tr
[
G
〈
U + U †
〉
G¯+H
〈
U + U †
〉
H¯
]
− igA1
4
tr
[
Gγ5
〈
/∂U † − /∂U〉 G¯−Hγ5 〈/∂U † − /∂U〉 H¯]
− igA2
4
tr
[
Gγ5
〈
/∂UU † − /∂U †U〉 G¯+Hγ5 〈/∂UU † − /∂U †U〉 H¯] . (9)
Note that in this expression, the terms mixing G and
H doublets disappear at the rest frame since the G and
H doublets have the opposite parity, and in the strong
processes and also in our skyrmion crystal approach, the
parity should be preserved.
For convenience, we next symbolically write the pion
field U as
U = φ0 + iτ
aφa, with a = 1, 2, 3, (10)
with constraint (φ0)
2 + (φa)2 = 1. The parametrization
(10) tells us 〈φ0〉 ∝ 〈q¯q〉. Due to the parity conservation,
we can conclude
〈φa〉 = 0 . (11)
In terms of φα, (α = 0, 1, 2, 3) we have
Leff = tr
[
G (iv · ∂) G¯−H (iv · ∂) H¯]
+
1
2
∆M 〈φ0〉tr
[
GG¯+HH¯
]
− gA1
2
∑
i
〈
∂iφ
i
〉
tr
[
Gγ5γ
iτ iG¯−Hγ5γiτ iH¯
]
+
gA2
2
∑
i
〈Ti〉tr
[
Gγ5γ
iτ iG¯−Hγ5γiτ iH¯
]
,(12)
where
〈Ti〉 ≡
〈
φ0∂iφ
i − ∂iφ0φi
〉
. (13)
Therefore the heavy-light meson masses are modified by
quantities 〈φ0〉, 〈∂iφi〉 and 〈Ti〉.
Before making the numerical simulation, we first an-
alyze some properties of 〈∂iφi〉 and 〈Ti〉 based on the
symmetry structure of FCC crystal and the arrangement
of the nearest two skyrmions to yield the strongest at-
tractive interaction. In the crystal, due to the periodical
structure, we can expand φα as 1
φ0 =
∑
a,b,c
βabc cos(aπx/L) cos(bπy/L) cos(cπz/L),
1 Here, different from Refs. [5, 15], we make the Fourier expansion
of the fields φα, (α = 0, 1, 2, 3) which have the same structures
that their corresponding unnormalized ones φ¯α. The Fourier
coefficients α and β are constrained by (φ0)2 + (φa)2 = 1.
φ1 =
∑
h,k,l
αhkl sin(hπx/L) cos(kπy/L) cos(lπz/L),
φ2 =
∑
h,k,l
αhkl cos(lπx/L) sin(hπy/L) cos(kπz/L),
φ3 =
∑
h,k,l
αhkl cos(kπx/L) cos(lπy/L) sin(hπz/L).(14)
Due to the FCC structure and the arrangement of the
nearest two skyrmions to yield the strongest attractive
interaction, the modes appearing in above equation are
restricted as follows [6]:
(F1) a, b, c are all even numbers or odd numbers and if
h is even, then k, l are restricted to odd numbers
while if h is odd, then k, l are restricted to even
numbers.
By using definition (8), from expansion (14), one can
easily check
〈∂iφi〉 = 0. (15)
We next consider 〈Ti〉. From the Fourier expansion (14)
one can get
〈φ0∂1φ1〉 ∼
∑
a,b,c
∑
h,k,l
hδahδbkδcl = 0, (16)
where the restriction (F1) has been used. A similar ar-
gument leads to
〈φ0∂2φ2〉 = 〈φ0∂3φ3〉 = 0,
〈∂1φ0φ1〉 = 〈∂2φ0φ2〉 = 〈∂3φ0φ3〉 = 0. (17)
We then finally conclude
〈Ti〉 = 0. (18)
Then, the effective Lagrangian (9) is reduced to
Leff = tr
[
G (iv · ∂) G¯−H (iv · ∂) H¯]
+
1
2
∆M 〈φ0〉 tr
[
GG¯+HH¯
]
, (19)
where the density affects the heavy-light meson masses
through 〈φ0〉, or, equivalently, 〈q¯q〉. This conclusion
agrees with that obtained in Ref. [16] in the matter-free
and zero temperature space.
4We plot in Fig. 1 the crystal size L dependence of the
heavy-light meson masses. From this figure we see that,
in the low density region (large L), there are two splitted
lines with the upper black line denotes the modified G
doublet mass M∗G and the lower red-dashed line denotes
the modified H doublet mass M∗H and with the increase
of the matter density, the mass splitting becomes smaller
upto a critical density n1/2 at which the skyrmion phase
goes to half-skyrmion phase. In the half-skyrmion phase,
due to the vanishing of 〈φ0〉 ∝ 〈q¯q〉 = 0, the H and G
doublets become degenerated.
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FIG. 1. (Color online) Medium modified heavy-light meson
mass splitting as a function of the crystal size L. The ver-
tical line indicates the critical density of the skyrmion-half-
skyrmion phase transtion.
We want to say that, since in the present case there
is no spin-isospin correlation inside G doublet or H dou-
blet in Lagrangian (19), as pointed in Ref. [10], there is
no mixing inside these doublets and no mass splitting
between the mesons inside them.
In this paper, by using the mass splitting of the heavy-
light mesons with chiral partner structure, we investi-
gated the symmetry pattern of the half-skyrmion phase
through the G and H doublets. To write down the effec-
tive Lagrangian, we used the chiral basis for light quarks
inside the heavy-light mesons which is convenient for
constructing the effective Lagrangian with chiral partner
structure. In our calculation, we only consider the pseu-
doscalar meson, pion, effect on the heavy-light mesons
and the Skyrme model is only constructed from pion,
i.e., the standard Skyrme model.
Our result explicitly reveals that, in the half-skyrmion
phase, due to the vanishing of the space averaged quark-
antiquark condensate, the H and G doublets which are
regarded as chiral partners to each other, have the same
masses. In this sense, the medium modified mass split-
ting of H and G doublets can be used as a probe of
the existence of the half-skyrmion phase. It was recently
found that in a temperature system the degeneracy of
chiral partners is due to the chiral symmetry restora-
tion [13]. However, in our present cold dense system,
although the chiral partners are degenerated in the half-
skyrmion phase, chiral symmetry is not restored in this
phase.
In the present exploration, we only included the pion
effect. The effects of the heavier resonances, such as
ρ, ω, σ and so on which are essential for nuclear matter
properties [8, 17], on the heavy-light meson spectrum will
be reported elsewhere.
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